Harvesting the electrical energy from their working environment has become a feasible choice of realizing self-powered systems or providing supplementary power sources to the battery. In this paper, a pre-loaded piezoelectric cantilever bimorph (PCB) energy harvester is adopted as the research object, for which a single degree-of-freedom analytical model and finite element modeling have been carried out to study its dynamic responses. The laboratory experiments have also been performed to validate the analytical and the finite element modeling. It shows that finite element modeling has a better agreement with the experimental results than the analytical model, while the latter has a rough accuracy and can be used to obtain quick estimations of the dynamic response of the PCB energy harvester in certain cases.
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INTRODUCTION
Piezoelectric materials are widely used as vibration actuators and sensors due to their coupled field characteristics of structure-to-electricity. As a sensor for the vibration, piezoelectric materials can transform the vibration energy into electrical energy through piezoelectric effect. Compared with other energy harvesting methods, such as solar cell, thermoelectricity and wind mill, piezoelectric energy harvester has relatively high conversion efficiency, light weight and small size, which are greatly preferable for its applications in wireless sensor networks and portable electronics [1, 2] . As one of the most important structures, piezoelectric bimorph is a 3-layer structure with a central metallic layer sandwiched by two piezoelectric layers. The central metallic layer is bonded to increase the elasticity of the structure, since piezoelectric layers are fragile under the working condition of large deflection. The top and bottom piezoelectric layers always work under different modes, i.e. expansion mode and contraction mode. In addition, another advantage of the bimorph configuration is the potential for bonding additional mass at the tip of the bimorph, such that the structure may be tuned to specific frequency ranges as appropriate. Matching the resonant frequency to the frequency of the ambient vibration will result in larger strains which, in turn, will result in larger amounts of energy harvesting [3] . Much work has been extensively carried out to study the static behavior and dynamic response of piezoelectric bimorph/unimorph actuators. The static result of a comprehensive static model is used for a piezoelectric actuator and coupled beam to describe the dynamic response of the coupled system [4] . Also, two analytical models and one numerical model describing the detailed mechanics of the piezoelectric induced actuators bonded to and embedded in 1-D structures were developed [5] . Further, a dynamic model of a simply supported beam excited by piezoelectric actuators was presented [6] . The model incorporated the dynamic coupling between the actuator and the structure, instead of the static coupling, and considered the free stress boundary condition to calculate the dynamic extensional strain on the beam surface. By appropriately incorporating the actuator flexural stiffness in the structural moment-curvature equations, the pin-force model for beams actuated in bending is upgraded to the level of more accurate Bernoulli-Euler model [7] . The static beam response equations for two configurations: actuators symmetrically bonded to the surface of the beam and only one actuator bonded to one side of the beam, are identical to that obtained from Bernoulli-Euler model. Then, the nonlinear equations of motion for the simply-supported piezoelectric beam were developed by incorporating the influence of initial in-plane loads generated by the piezoelectric layers [8] . This work also discussed the influence of piezoelectric actuator thickness on the performance of the passive-adaptive control strategy. In addition to analytical models, a finite element formulation that used an Euler-Bernoulli model for the beam was presented assuming the bond layer to be in the state of pure shear [9] , to access the influence of a finite stiffness bond between piezoelectric actuators and the structure on the active damping of the beams. Analytical expressions [10] was derived relating the bending resonance frequency, tip deflection, blocking force and equivalent moment with the actuator parameters, in order to describe the performance of cantilever bimorph/unimorph actuators in quasi-static driving condition. Another nonlinear dynamic model was proposed to predict the tip deflection and resonance amplitude of piezoelectric cantilever actuators under low and high electric fields using the asymptotic theory of non-stationary vibrations [11] .
Due to the brittle feature of the piezoelectric materials, it is very important to study the dynamic responses of the piezoelectric materials for the reliability issue. There are relatively fewer studies on the dynamic response of the piezoelectric cantilever bimorphs (PCB) as sensors. The admittance matrix was developed for the piezoelectric cantilever bimorphs without central elastic layers [12] , relating the tip rotation, tip deflection, volumetric displacement and electrode charge of the structure with the harmonic excitation inputs: tip moment, tip force, uniformly body force and voltage. The detailed relationship between the generated voltage of piezoelectric cantilever unimorph/bimorph sensors was presented under the applied mechanical input excitations, including the tip moment, tip force, and body force based on the constitutive equations of the bending structures [13] . The constitutive equations of piezoelectric cantilever bimorph for power harvesting was developed using energy method [14] . This analytical model could accurately predict the mode shape frequency response and the current output of the PCB without any proof mass. Based on the PCB constitutive equations [13] , a single degree of freedom (SDOF) system was proposed consisting of a seismic mass, a spring and a dashpot, to simplify and study the dynamic response of the PCB sensor with a tip mass on the free end [15] . An analytical model and a finite element simulation were presented to analyze the peak amplitude of piezoelectric bimorph cantilevers [16] . This analytical model investigated the dynamic tip deflection at the resonances of the PCB as it was excited by sinusoidal sweep test. However, the induced electric potential was not presented.
Based on the review introduced above, in this paper we employ an analytical single degree-of-freedom model to predict the tip displacement of the PCB energy harvester for the first time. Then, a finite element analysis is performed through ANSYS to study the tip displacement and the electric potential. Finally, the laboratory experiment is presented to compare with the analytical model and the FEA. The next section will introduce the analytical modeling of piezoelectric cantilever bimorph energy harvester.
A SINGLE DEGREE-OF-FREEDOM MODEL
A typical piezoelectric cantilever bimorph (PCB) energy harvester is shown in Fig. 1 . The PCB bimorph has three laminated layers with two PZT layers sandwiched by a central metal layer to increase the elasticity due to the brittleness of the piezoelectric materials. The PCB structure is cantilevered to the left end, where a harmonic excitation is acting on the whole structure. Due to the coupled field characteristics of structure to electricity, more strain energy generated through the piezoelectric body can generate more electrical energy. Thus, a metal proof mass is glued to the right tip of the PCB structure to increase the tip displacement of the structure and strain level across the piezoelectric body.
The tip displacement of the PCB energy harvester can be simply modeled as a single degree of freedom system [15] , as is shown in Fig. 2 , where M is the effective mass of the PCB energy harvester, K is stiffness of the PCB, C is the damping coefficient of the device,ÿ is the vibration acceleration, andz is the effective mass acceleration induced byÿ. According to Newton's second law, the equation of the damped seismic motion of the PCB generator can be obtained as:
Mz +Cż + Kz = Ky +Cÿ.
For the sinusoidal base vibration, assumingÿ = A in sin(ωt), the tip displacement response can be written as z(t) = a cos(ωt) + b sin(ωt). Also, the transfer function of the system can be obtained with the initial conditions of z(0) =ż(0) = 0 [17] :
where ω is the driving frequency of the ambient vibration, ω n is the resonant frequency of the PCB generator, and ζ is the damping ratio of the device, which can be obtained through experimental measurements, such as the successive-peak-ratio method, using a shock response, or the half-power method, using the harmonic response of the PCB energy harvester, while ω n can be directly calculated by its definition of ω n = K/M. The stiffness K of the piezoelectric bimorph can be calculated as [13] :
where c p and c sh are the Young modulus of the piezoelectric layer and the center brass shim respectively, and t p is the thickness of one single piezoelectric layer and t sh is the thickness of the central brass shim, as is shown in Fig. 1 . The effective mass M can be calculated based on the experimental work [15] :
where M bimorph and M proofmass are the masses of the piezoelectric bimorph and the proof mass. Now, the next section will introduce the experiments.
EXPERIMENTS
The laboratory experiment for the PCB energy harvesting was carried out to evaluate the analytical model and the FEA result. The piezoelectric bimorph Q220-A4-203Y was purchased from Piezo Systems, and its mechanical properties are shown in Table 1 . A PCB energy harvester prototype was built and tested as shown in Fig. 3 . The proof mass was made of brass with the dimension of 5.3 × 6.35 × 1.60 mm. Six pieces of proof mass were added onto the free end of the PCB one by one. The system was excited by the harmonic vibration (0-200 Hz) with the amplitude of 11.2 mm 2 /s. The transverse displacement of the proof mass center was measured by a PSV-300 vibrometer, and the open-circuit voltage was recorded by data acquisition system and then transformed to the frequencydomain response by Fast Fourier Transform (FFT) routine. The damping ratio of the PCB system was measured as 0.021. Also, a finite element analysis via ANSYS coupled-field analysis and this finite element analysis will be compared with experiments. 
RESULTS AND DISCUSSION
The prototype was tested with 6 different proof mass configurations, i.e. PCB with one single proof mass, with two proof mass, etc. The experimental results of transverse displacement of proof mass center are compared against the analytical results of the single DOF model and the FEA results, as shown in Figs. 4 and 5. It is clear that the tip displacement peak value of the PCB energy harvester increases with the increase of the proof mass. Further, the FEA results are closer to the experimental results than the analytical results of the SDOF model, in terms of both resonant frequency and peak value. It turns out that FEA can better reflect the coupled field dynamic response of the PCB energy harvester.
The results show that the open-circuit voltage or electrical potential of the PCB energy harvester increases with the increase the proof mass, as more proof mass introduce more strain energy across the piezoelectric layers, resulting more electrical energy which are transformed via coupled field mechanism of the PCB materials. Furthermore, the FEA has a better agreement with the laboratory experiment, in terms of not only the resonant frequency, but also the peak value of the open-circuit voltage. The small difference between the FEA and the experiment result attributes to the geometric irregularity of the proof mass, the bonding effectiveness of the super glue, and the material property bias of the PZT bimorph used for FEA simulation. Therefore, FEA of PZT dynamic responses via ANSYS is a feasible and convenient way to perform the coupled field analysis and to design piezoelectric energy harvesters with more complicated geometric configurations. Also, despite having a relatively large difference on prediction results from the experimental data, the analytical model still could be used as a design tool for preliminary analysis in early conceptual design stage because of its simplicity.
CONCLUSION
In this paper, the coupled field dynamics of the piezoelectric cantilever bimorph energy harvester is analyzed through an analytical single degree-of-freedom model, a finite element analysis via ANSYS coupled-field analysis and the laboratory experiment. The result shows that coupled field FEA has a better accuracy in predicting the tip displacement and the open-circuit voltage of the PCB energy harvester, in terms of both the resonant frequency and the peak values. Thus, the coupled field FEA via ANSYS is a convenient way to analyze the dynamic response of the PCB energy harvester, further it can be extended to design the piezoelectric energy harvesters with more complicated geometric configurations, where the analytical models are difficult to be established. The small difference between the FEA and the experimental data in this study is attributed to the geometric irregularity of the proof mass, the bonding effectiveness of the super glue, and the material property bias of the PZT bimorph used for FEA simulation.
